Chronic obstructive pulmonary disease (COPD) is characterized by loss of elastic fibres from small airways and alveolar walls, with the decrease in elastin increasing with disease severity. It is unclear why there is a lack of repair of elastic fibres. We have examined fibroblasts cultured from lung tissue from subjects with or without COPD to determine if the secretory profile explains lack of tissue repair. In this study, fibroblasts were cultured from lung parenchyma of patients with mild COPD [Global initiative for chronic Obstructive Lung Disease (GOLD) 1, n ϭ 5], moderate to severe COPD (GOLD 2-3, n ϭ 12) and controls (non-COPD, n ϭ 5). Measurements were made of proliferation, senescence-associated ␤-galactosidase-1, mRNA expression of IL-6, IL-8, MMP-1, tropoelastin and versican, and protein levels for IL-6, IL-8, PGE2, tropoelastin, insoluble elastin, and versican. GOLD 2-3 fibroblasts proliferated more slowly (P Ͻ 0.01), had higher levels of senescence-associated ␤-galactosidase-1 (P Ͻ 0.001) than controls and showed significant increases in mRNA and/or protein for IL-6 (P Ͻ 0.05), IL-8 (P Ͻ 0.01), MMP-1 (P Ͻ 0.05), PGE2 (P Ͻ 0.05), versican (P Ͻ 0.05) and tropoelastin (P Ͻ 0.05). mRNA expression and/or protein levels of tropoelastin (P Ͻ 0.01), versican (P Ͻ 0.05), IL-6 (P Ͻ 0.05) and IL-8 (P Ͻ 0.05) were negatively correlated with FEV1% of predicted. Insoluble elastin was not increased. In summary, fibroblasts from moderate to severe COPD subjects display a secretory phenotype with up-regulation of inflammatory molecules including the matrix proteoglycan versican, and increased soluble, but not insoluble, elastin. Versican inhibits assembly of tropoelastin into insoluble elastin and we conclude that the pro-inflammatory phenotype of COPD fibroblasts is not compatible with repair of elastic fibres.
Introduction
Chronic obstructive pulmonary disease (COPD), characterized by irreversible airflow obstruction in the small airways [1, 2] , involves both small airway remodelling and emphysematous changes. In moderate and severe COPD elastic fibres are lost from the alveolar walls, a change thought to lead to weakening and loss of alveolar attachments to small airways and to their subsequent collapse in expiration [3] . The loss of elastic fibres in emphysema has been explained by the protease-antiprotease hypothesis [4] , elaborated following the description in 1963 of emphysema due to ␣1-antitrypsin deficiency [5] and associated loss of inhibition of neutrophil elastase. There are reasons, however, for questioning whether neutrophil elastase and ␣1-antitrypsin are of central importance in COPD. Inherited deficiency of ␣1-antitrypsin is uncommon and only accounts for a small proportion of cases of COPD, and reduction of ␣1-antitrypsin levels in the lung has not been consistently demonstrated in individuals with COPD without ␣1-antitrypsin deficiency [6] .
The majority of research on COPD has focussed on the idea that emphysema can be explained by progressive destruction of the alveolar walls but there are several lines of evidence to suggest that inhibition of repair may be important in the pathogenesis of COPD [7, 8] . Thus when damage occurs as a result of smoking there may be differences in the ability to repair this damage, and individuals with impaired repair mechanisms may be more likely to develop COPD. Impaired repair, however, does not appear to be due to the inability to synthesize structural matrix proteins such as elastin and collagen.
Elastin is a long-lived molecule with most elastin deposition occurring early in development with little turnover in adult life [9] . Several experimental studies, however, have reported that matrix proteins, including elastin and collagen, are re-synthesized in emphysematous lungs in animal models [10, 11] . Synthesis of elastin, however, does not result in restoration of physiological function, presumably because functional fibres fail to form [12] . Similarly, investigations on human emphysematous lungs report re-synthesis of matrix proteins, but with changed distribution patterns of collagen and elastin, including clumping of elastin deposits in the free edges of alveolar walls [13, 14] .
More recently it has been reported that elastin mRNA expression is significantly increased in lungs with very severe COPD (GOLD 4) compared with non-COPD controls and mild or moderate COPD [15] . In situ hybridization localized this increased elastin expression to the alveolar walls, but neither the elastic fibre content nor desmosine levels were increased per lung volume.
Our recent research also provides support for the idea that loss of repair mechanisms may be important in the development of COPD. The impaired repair appears to be due to the inability to form functional insoluble elastic fibres rather than the lack of synthesis of the elastin precursor tropoelastin. We examined lobectomy lung tissue from patients with bronchial carcinoma and found that whereas elastic fibre content was significantly decreased in patients with mild to moderate COPD [16] , versican, a matrix proteoglycan that mediates inflammatory changes, was increased [17] . This increase may be particularly relevant because versican has been shown to inhibit the assembly of tropoelastin into elastic fibres [18] [19] [20] , which may explain the reduced capacity of COPD lung to form new elastic fibres despite the ability to synthesize the elastin precursor tropoelastin.
In order to examine more closely this inhibition-of-repair hypothesis, we have cultured pulmonary fibroblasts from the lungs of patients with variable degrees of COPD, and from lungs of individuals with a comparable smoking history but normal lung function, to determine if the synthetic profile of fibroblasts, with respect to elastin synthesis and deposition, and synthesis of versican and inflammatory cytokines, changes with disease progression and explains the inhibition of repair seen in lungs with advanced COPD.
Methods

Subjects
Primary fibroblasts were obtained from excised lung tissue collected during surgery for bronchial carcinoma at Auckland Hospital, Auckland, New Zealand. All patients had lung function measured preoperatively and those with a clearly documented history of asthma or bronchodilator reversibility [increase in forced expiratory volume in one second (FEV1) Ͼ 10% of predicted normal values] were excluded from the study. Patients with other lung diseases, such as bronchiectasis and interstitial lung disease, were also excluded. All enrolled subjects were divided into three groups according to the GOLD 2007 criteria, i.e. control (non-COPD), mild COPD (GOLD stage 1) and moderate to severe COPD (GOLD stage 2-3). The study was approved by the Northern X Regional Ethics Committee, Ministry of Health. Written informed consent for permission to use the lung tissue for research was obtained preoperatively.
Cultures of human lung fibroblasts
Fibroblasts were cultured from peripheral pleura-free parenchymal specimens of the resected lobe remote from the tumour. The tissues were immediately transferred into explant culture medium [DMEM, 10% foetal calf serum, penicillin (100 ng/ml) and streptomycin (100 ng/ml); 
Proliferation
Proliferation was measured on passage 3 fibroblasts using the AlarmaBlue (AB) assay (Invitrogen Life Technologies) as described previously [21] . Briefly, fibroblasts were seeded at 5000/well into 96-well plates in serum-free culture medium and AB added at a final concentration of 10%. After 6-hr incubation in a humidified atmosphere containing 5% CO2, the %AB reduction, which proved linear to cell number, was measured and recorded as the baseline reading. After additional culture for 24 hrs in complete culture medium (5% CO2 at 37ЊC), the %AB reduction was measured again. A proliferation index was calculated as the 24 hrs reading divided by the baseline reading.
Staining for senescence-associated ␤-galactosidase (SA-␤-Gal)
A total of 5000 fibroblasts (passage 3) were transferred onto glass cover chamber slides (LAB-TEK, Nunc, 0.8 cm 2 ). After culture for 24 hrs under standardized conditions (37ЊC, 5% CO2), staining for SA-␤-Gal activity at pH 6.0 was performed using a SA-␤-Gal staining kit (Cell Signaling Technologies, Beverly, MA, USA). Cells positive for the blue stain were counted under visible light. Total cell number was determined by counting DAPI stained cells under UV light. The relative mRNA expression of target genes in each sample was quantified and normalized to the GAPDH mRNA levels by the 2 ϪddCt method [22] . The sequences of each primer pair used for each mRNA analysed are listed in Table 1 .
Real-time PCR
ELISA
For ELISA analyses the following commercial kits were used: matrix metalloproteinase-1 (MMP-1) (Calbiochem, Merck Chemicals, NJ, USA), prostaglandin E2 (PGE2) (R&D Systems, Minneapolis, MN, USA), Interleukin-6 (IL-6) and IL-8 (Becton and Dickinson, NJ, USA) and versican (CUSABio, Wuhan, China). The level of protein of interest in cell-free culture supernatants was determined according to the manufacturer's instructions.
Quantification for elastin
Passage 3 cells were seeded at 50,000cells/well in 6-well plates and cultured for 2 weeks. Cell-free supernatant was collected for measuring soluble elastin. For insoluble elastin, cell layers were scraped in 0.1N NaOH, sedimented by centrifugation, and boiled in 0.5 ml of 0.1N NaOH for 45 min. to solubilize all matrix components except elastin. The resulting pellets containing the insoluble elastin were solubilized by boiling in 5.7N HCl for 1 hr for further analysis. Fastin TM elastin assay kit from Biocolor (County Antrim, UK) was used to measure the protein concentration according to the manufacturer's instruction.
Statistics
All statistical analyses were performed using GraphPadPrism 5.0 for Windows. D'Agostino and Pearson omnibus normality test was performed on all data. Data normally distributed were expressed as mean Ϯ S.D., and one-way analysis of variance followed by Bonferroni post-test was performed to determine whether the differences between the groups were statistically significant. Otherwise, data were expressed as median (minimum, maximum), and comparisons were made using the Kruskal-Wallis analysis followed by Dunn's multiple comparison test. Correlation analyses were carried out using Pearson or Spearman methods depending on the normality of the data distribution. Differences were considered significant at the level of P Ͻ 0.05.
Results
Clinical and demographic features of the subjects
Twenty-two patients met the criteria for the study and were divided into three groups according to the results of spirometry: control (non-COPD, n ϭ 5), mild COPD (GOLD stage 1, n ϭ 5) and moderate to severe COPD (GOLD stage 2-3, n ϭ 12) ( Table 2 ). The three groups were similar in age, gender and smoking status but differed significantly in lung function. As expected, the subjects in the moderate to severe COPD group (GOLD stage 2-3) had significantly lower FEV1% predicted and FEV1/forced vital capacity (FVC)% values compared with non-COPD group and mild COPD group (Table 2) .
Cell morphology
The primary cultures of lung fibroblasts displayed morphological features typical of fibroblasts and immunostaining demonstrated that Ͼ99% of cells were vimentin-positive (Fig. 1A) , anti-pan cytokeratin negative and mostly anti-␣SMA negative (data not shown). Notably, the slower growing fibroblasts from GOLD stage 2-3 COPD patients were often less spindle-shaped and more flattened and spread than cells from control patients (non-COPD) ( Fig. 1B and C) , features shown previously to be associated with slower growth and an elastogenic phenotype [23, 24] .
Cell proliferation and cell senescence
Proliferation, determined by the AB assay, was significantly slower in fibroblasts from GOLD stage 2-3 COPD subjects (1.21Ϯ0. 22) than from non-COPD subjects (1.65 Ϯ 0.23) (P Ͻ 0.01) ( Fig. 2A) . Cell senescence, determined by ␤-galactosidase (SA-␤-Gal) staining, was significantly increased in the GOLD stage 2-3 COPD fibroblasts (32.5% Ϯ 6.5%) compared to non-COPD controls (19.5% Ϯ 2.3%) (P Ͻ 0.001) and GOLD stage 1 fibroblasts (19.3% Ϯ 1.8%) (P Ͻ 0.01) (Fig. 2B ).
mRNA and protein levels
In previous studies MMP-1 has been measured as an important indicator of airway inflammation and of developing COPD [25] . We found that MMP-1 mRNA was significantly increased (P Ͻ 0.05) Subjects had an FEV1 Ն 80% pred and FEV1/FVC < 70%.
§ Subjects had an FEV1 < 80% pred and FEV1/FVC < 70%. in GOLD stage 2-3 compared with non-COPD and GOLD 1 cultures (Fig. 3 ). IL-6 and IL-8 mRNA expression levels were similarly significantly (P Ͻ 0.01) raised in the GOLD stage 2-3 cultures ( Fig. 4A and B) compared to the other two groups, as were the respective protein levels (P Ͻ 0.05 and P Ͻ 0.001) ( Fig. 4C and  D) . mRNA expression levels of IL-6 and IL-8 were negatively correlated with FEV1% of predicted (Spearman r ϭ -0.632, P ϭ 0.004; and Spearman r ϭ -0.626, P ϭ 0.003, respectively). Secreted levels of IL-6 and IL-8 also negatively correlated with FEV1% of predicted (Pearson r ϭ -0.660, P ϭ 0.014; and Pearson r ϭ -0.821, P Ͻ 0.001, respectively). Levels of PGE2 in supernatants were significantly higher in the GOLD stage 2-3 COPD fibroblast cultures than in non-COPD cultures (P Ͻ 0.05) (Fig. 5 ). There was a weak but significant relationship between PGE2 and FEV1% of predicted (Pearson r ϭ -0.502, P ϭ 0.034).
Elastin precursor mRNA (hnRNA) was significantly (P Ͻ 0.05) increased in fibroblasts from the GOLD stage 2-3 subjects compared to the non-COPD controls (Fig. 6A) . Patients with a lower FEV1% of predicted had higher mRNA relative expression than subjects with higher FEV1% of predicted values (Spearman r ϭ -0.751, P ϭ 0.001) (Fig. 6B) . Similarly, soluble elastin released into the media was significantly higher in the GOLD stage 2-3 cultures compared with non-COPD (P Ͻ 0.05) and GOLD stage 1 cultures (P Ͻ 0.05) (Fig. 6C) . Soluble elastin level was also negatively related to the FEV1% of predicted value of patients (Spearman r ϭ -0.768, P ϭ 0.002) (Fig. 6D) . There was no difference between groups, however, in the amount of insoluble elastin deposited into the cell layers (Fig. 6E) , indicating that the increased amount of soluble tropoelastin in the GOLD stage 2-3 cultures was not incorporated into insoluble elastin. Variation in levels of insoluble elastin between subjects was not correlated with FEV1% of predicted (P ϭ 0.5). Elastin binding protein (EBP) mRNA was also significantly increased (P ϭ 0.032) in GOLD stage 2-3 cultures (Table 3) .
Versican mRNA (Fig. 7A ) and versican levels measured by ELISA (Fig. 7C ) were significantly (P Ͻ 0.05) increased in GOLD Moreover, versican mRNA expression was strongly negatively correlated with FEV1% predicted (Spearman r ϭ -0.823, P ϭ 0.001) (Fig. 7B) . A similar correlation was detected for secreted versican (Pearson r ϭ -0.709, P ϭ 0.02) (Fig. 7D) . Versican production by GOLD stage 1 fibroblasts was not significantly different from non-COPD fibroblasts, although versican mRNA was slightly nonsignificantly elevated (Fig. 7A) . Biglycan mRNA was also increased (P ϭ 0.028) in GOLD stage 2-3 cultures while the collagenassociated proteoglycan decorin showed a non-significant increase (Table 3) . Collagen-1 mRNA was significantly increased (P ϭ 0.024) in GOLD stage 2-3 cultures (Table 3) . 
Discussion
This study demonstrates that fibroblasts derived from the peripheral parenchyma of lungs of patients with moderate to severe COPD (GOLD stages 2-3) have a distinctly different phenotype from fibroblasts cultured from patients with mild COPD (GOLD stage 1) or without COPD. Fibroblasts from the GOLD stage 2-3 COPD group had slower proliferation rates and increased levels of SA ␤-Gal compared to fibroblasts from the control and mild COPD groups, but were significantly more metabolically active, synthesizing increased amounts of inflammatory cytokines IL-6 and IL-8 and PGE2, and the pro-inflammatory matrix proteoglycan versican. Synthesis of soluble tropoelastin was also increased. The increases in both versican and tropoelastin were negatively correlated with FEV1% of predicted values across all patients. Collectively, these data point to fibroblasts in the alveolar walls from lungs with COPD having an active pro-inflammatory secretory profile that is enhanced with deterioration of lung function.
The data are consistent with previous studies demonstrating an inflammatory and secretory phenotype in vivo for COPD lung, and with results on in vitro studies on cells from severe COPD, but the findings presented here additionally establish that the in vivo phenotype persists in vitro and that change in phenotype is closely related to disease progression with marked changes in levels of inflammatory and matrix molecules occurring from GOLD 1 to GOLD 2-3 stages of the disease.
The increased synthesis of soluble elastin indicates that COPD fibroblasts are capable of producing this extracellular component of major importance to alveolar structure and function; however, the increase in elastin message and in soluble tropoelastin was not matched by an increase in insoluble elastin, necessary for fibre formation. In previous immunohistochemical studies of COPD lung parenchyma we found that elastin content, measured by morphometry, progressively decreases as FEV1 decreases [16] and is associated with a reciprocal and progressive increase in versican [16, 17] . A more recent study has found that fibroblasts cultured from peripheral lung samples from COPD patients with severe COPD (GOLD 4) show elevated production of versican [26] , as found in this current study for GOLD 2-3 patients. The increase in versican in COPD may be particularly relevant as versican inhibits the assembly of tropoelastin into insoluble cross-linked elastic fibres, both in cell culture and in vivo [18] [19] [20] . Thus the elevated production of versican in COPD is consistent with the lack of formation of new mature elastic fibres in COPD lung, despite fibroblasts synthesizing increased amounts of tropoeolastin.
Versican belongs to the family of large aggregating chondroitin sulphate (CS) proteoglycans located primarily within the extracellular matrix. CS chains, constituent to three isoforms of versican (V0, V1, V2), inhibit the assembly of tropoelastin into elastic fibres by displacing EBP from the cell surface. EPB is the receptor that chaperones tropoelastin through the golgi to the external cell membrane [19] and its displacement from the cell surface prevents the transfer of tropoelastin to the microfibrillar scaffold [19] . As a result, fibre formation is disrupted. The increase in EBP mRNA in GOLD stage 2-3 fibroblasts, along with the increase in soluble elastin, also indicates that these cells have elastogenic potential that is not fully realised. Notably, mRNA for biglycan, which also contains CS chains, was also increased and, similar to versican, this matrix proteoglycan also inhibits elastic fibre formation [27] . We postulate that the mismatch between levels of soluble and insoluble elastin, seen in this current study, can be explained by the elevated production of CS-containing matrix proteoglycans preventing fibre assembly.
Experimental evidence has shown that impaired elastic fibre assembly, caused by pericellular accumulation of CS proteoglycans, is reversible. Treatment of skin fibroblasts that overproduce versican, as occurs in Costello syndrome, with chondroitinase reverses the elastic fibre deficiency [19] . Knockdown of versican production by vascular smooth muscle cells (SMC) through overexpression of versican antisense similarly enhances elastic fibre deposition [20] , as does overexpression of the glycosaminoglycan-deficient variant of versican, V3 [13] . Cells overexpressing V3 have a significantly lower level of the larger versican variant V1 on the cell surface, where it is attached to hyaluronan, which reduces CS in the pericellular region [23] allowing a longer residence time for EBP [18] . V3, versican antisense and chain-less mutant biglycan are also effective in vivo, and have been used to create elastin-rich, versicandepleted neointima [20, 24, 27] . Overexpression of V3, leading to decreased cell-associated CS, has also been used successfully to restore elastic fibre formation in cultures of skin fibroblasts from Costello syndrome patients [28] .
Thus, findings from the present and previous studies [16, 17] raise a testable hypothesis, namely that repair of the elastin network in lung parenchyma, and possibly restoration or improvement of physiological function, might be achievable by reducing the CS proteoglycan content of alveolar walls. Lowering of versican in vivo might be particularly effective as the mechanical movements of ventilation likely have a role in determining the pattern and placement of elastic fibres during repair. Moreover, increased assembly of the secreted tropoelastin may lead to a decrease in the level of free tropoelastin-derived peptides that are capable of inducing production of elastolytic MMPs [29] .
On the other hand, our study also showed that the inflammatory cytokines IL-6 and IL-8 mRNA and protein levels are elevated in fibroblasts from patients with moderate to severe COPD compared to control fibroblasts. IL-6 and IL-8 are regarded to play an important role in the inflammation of COPD. IL-6 acts as a proinflammatory cytokine and is also associated with epithelial apoptosis and injury in COPD [30] . IL-8 is a potent attractant for neutrophils and is partly responsible for the acute exacerbation and disease progression of COPD [31, 32] . The increased levels of IL-6 or IL-8 had been reported in sputum [31] , exhaled breath condensate [32] and blood [33] . In this study, an increase in the mRNA levels of both IL-6 and IL-8 was found in primary human fibroblasts from GOLD 2-3 COPD patients compared to non-COPD controls. In addition, the levels were significantly and negatively correlated with the value of FEV1% of predicted.
These cytokines are also frequently associated with elevated levels of versican [34] [35] [36] , which is also pro-inflammatory [37] [38] [39] [40] [41] and, acting through Toll-like receptor 2 (TLR2), a facilitator of metastasis in lung [37] . It is likely that persistent elevation of these cytokines, along with elevated MMP-1, inhibits reversion of COPD fibroblasts to the non-inflammatory phenotype that would be necessary for effective long-term remodelling and repair to take place. Elevation of PGE2 could also reduce repair responses as it inhibits several fibroblast repair responses, including chemotaxis [42] and proliferation [43, 44] ; on the other hand it increases expression and activity of MMP-2 [44] . A further difficulty in activation of effective repair processes may be the expression by COPD fibroblasts of SA-␤-Gal, also noted by others for emphysema [45] , and thought to indicate premature aging. Telomere length, however, is not changed and any aging appears to be by a telomere-independent mechanism [45] .
The findings of the present study suggest that a reduction in inflammation and in particular a reduction in CS-containing versican in lungs of patients with mild to moderate COPD may be an effective strategy for decreasing the rate of elastin loss, and possibly for restoration of elastin and repair of emphysematous changes. Increases in the elastin content of neointimal repair tissue in blood vessels subjected to angioplasty has been achieved through overexpression of versican antisense [20] and more recently it has been demonstrated that vascular SMC in vivo expressing the CS-depleted versican variant V3 result in increased intimal elastin content, decreased production of CS-containing versican and reduced macrophage ingress associated with cholesterol-induced inflammatory changes [46] . It remains to be determined if similar treatments, perhaps in combination with agents that reduce MMP levels, such as the anticholinergic bronchodilator tiotropium bromide [47, 48] , might be effective in reducing the inflammatory changes associated with COPD and in creating a matrix environment permissive for the assembly of tropoelastin into insoluble fibres. Regardless, the persistence of an inflammatory phenotype in COPD would appear to be a major inhibitor of repair.
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